Nb and Nb 2 O 5 were used, respectively, as sintering additives for pressureless sintering of Ti/Al 2 O 3 composites, and the effect of elemental Nb on the microstructures and mechanical properties of the composites were investigated. The X-ray diffraction results indicated that the addition of both Nb and Nb 2 O 5 resulted in the solution of Nb in Ti. Compared to metal Nb, the addition of Nb 2 O 5 made the composites easier to sinter, and the density of the Ti/Al 2 O 3 composite rose with increases in the Nb 2 O 5 addition. When metal Nb was added, the changes in flexural strength and micro-hardness were basically consistent with the variations in density. The strength of the Ti/Al 2 O 3 composites was found to increase at first and then to decrease, however when Nb 2 O 5 was added. The phase formation and strengthening mechanisms are illustrated. The best performance occurred when 5 vol.% Nb 2 O 5 was added, with a relative density, micro-hardness and flexural strength of 89.3%, 5.6 GPa and 115.78 MPa, respectively.
Introduction
Metal ceramics as composite materials are extensively researched for their excellent high-temperature mechanical properties, controlled microstructures, machinability and reliability. 1),2) Ti and its alloys have highly important application value and broad application potential in aerospace, vehicle engineering and biomedical engineering because of metal Ti's merits of light weight, high hardness, corrosion resistance and good toughness. To date, Ti and Al 2 O 3 have been widely used in the preparation of Ti/Al 2 O 3 composites, due to the similar thermal expansion coefficients and the good physical and chemical compatibility between Ti and Al 2 O 3 .
3),4) The toughness of metal and the outstanding strength, corrosion resistance and oxidation resistance at high temperature of ceramics have been the focuse of Ti/Al 2 O 3 composites. 5)7) Ti/Al 2 O 3 has therefore been applied in many fields, including aerospace and machining.
Ti/Al 2 O 3 preparation methods center mainly on powder metallurgy technology and in-situ synthesis technology. 8 )10) R. Gunther 11) prepared TiAlV/Al 2 O 3 and Ti AlNb/Al 2 O 3 composites by powder metallurgy, and the interface chemical reaction between Al 2 O 3 and Ti-based alloy has been observed in that study, in which the properties of the composites were improved by adding a Tibased alloy to Al 2 O 3 . A. Kamiya et al. 12 ) prepared a short fiber-reinforced Ti-based composite material by applying hot-pressed sintering for 30 min under conditions of 50 MPa pressure. Ti/Al 2 O 3 composite coatings were obtained on the surface of Q235 steel by plasma spraying technologies, such as that presented by J. Yang et al. 13) J. K. Yoon and I. J. Shon 14) synthesized nanostructured Ti/ Al 2 O 3 composites in situ by a pulse current heating method. The relative density, fracture toughness and microhardness of the composites were 99.9%, 7 MPa·m 1/2 and 14.14 GPa, respectively. M. J. Mas-Guindal et al. 15) acquired metastable nano-structured Ti/Al 2 O 3 metal ceramic composites by activating a self-propagating hightemperature synthesis method. In general, most Ti/Al 2 O 3 composites were made by reactive sintering, spark plasma sintering and high-pressure torsion annealing. Some of these methods were relatively complicated, some had high energy consumption, and others had strict restrictions on the shape and size of the products. These defects made it difficult to prepare Ti/Al 2 O 3 composites in large quantities, thus greatly reducing the range of applications of the Ti/ Al 2 O 3 composites and making their wide use in industrial production difficult. Pressureless sintering, the most commonly used and simplest sintering method, is suitable for sintering products in a variety of shapes and sizes. It is therefore desirable to develop methods of fabricating Ti/ Al 2 O 3 composites by pressureless sintering.
Because ceramic powders are difficult to sinter completely, it is necessary to add suitable sintering aids, such as rare earth and its oxides or metals and their oxides in the actual sintering process, to improve the microstructure of the materials and reduce the sintering temperature, and thus to improve the mechanical properties of the materials. 16 
Experimental procedures
The raw materials used in this study were commercially available Al 2 O 3 powder (99.9% pure, an average particle size of 1.5¯m) and Ti powder (99.9% pure, an average particle size of 1¯m). The volume ratio of these two materials was maintained at 6:4. Metal Nb powder (99.5% pure, 1¯m) and metallic oxide Nb 2 O 5 powder (99.9%, 1¯m) were used separately as sintering additives to provide the Nb source. In order to illustrate the effects of elemental Nb on the microstructures and mechanical properties of Ti/Al 2 O 3 composites, various different volume percentages of Nb (05 vol.%) and Nb 2 O 5 (015 vol.%) were added, respectively.
The mixed powders were ball milled in 99.8% ethanol for 2 h at a speed of 200 r·min ¹1 with a ball-to-powder weight ratio of 2:1. After drying in a vacuum oven at 70°C, the mixtures were pressed into discs under a uniaxial pressure of 10 MPa, and then processed into dense green bodies by cold isostatic pressing under 200 MPa for 120 s.
Finally, these green samples were sintered at 1500°C for 1.5 h under zero pressure using a graphite-resistance furnace.
The relative densities of the samples were measured by the Archimedes Principle. The phase compositions were analyzed by X-ray diffractometer (D8 ADVANCE, Bruker) at a scan rate of 5°/min with a range from 20 to 80°. The morphologies of the fracture surface were observed by scanning electron microscopy (SEM, FEI QUANTA FEG 250, USA) and energy dispersive spectra analysis (EDS). The elemental distributions of the samples were evaluated by electron probe X-ray microanalysis (EPMA, EPMA-1600, Shimadzu). Their flexural strength was measured by the three-point bending method with an electromechanical universal testing machine (CMT5504, MTS systems) using 3 mm © 4 mm © 35 mm specimens at a cross-head speed of 0.5 mm/min and a span of 30 mm. Micro-hardness was tested with a Vickers micro-hardness tester (HV-1000IS, SIOMM) at room temperature with an applyied load of 9.8 N for 15 s.
Results and discussions

Phase compositions of the composites
The X-ray diffraction (XRD) patterns of samples with various volume percentages of Nb element addition, prepared by pressureless sintering at 1500°C, are shown in (1)], the decrease of ª suggests an increase in the interplanar spacing d:
where d is the interplanar spacing, ª is the diffraction angle, n is the diffraction series and is the X-ray wavelength, which is limited to 0.154056 nm as a consequence of the copper target. According to a report by E. Clementi, the atomic radius of Ti is 176 pm and the atomic radius of Nb is 198 pm. Due to the similar crystal structures of Ti and Nb, which are located in the diagonal position of the periodic table, it is easy for these elements to form infinite solid solutions. The phenomenon of the peaks of Ti shifting to a lower angle may be attributed to incorporation of Nb into the lattice of Ti, which finally causes increases in the cell parameters and interplanar spacing.
Similarly, with Nb addition, it can be seen from Fig. 2 that the diffraction peaks of Ti shift to a smaller angle and the peaks of Nb 2 O 5 disappear with increases in Nb 2 O 5 . As discussed above, the peak shift of Ti may also be attributed to Nb incorporation into the lattice of Ti. The reasons that using Nb 2 O 5 or metallic Nb causes the same result of Nb incorporation will be discussed further later in Section 4. On the other hand, it can also be seen from Fig. 2 Fig. 3 . Two main types of grain morphology, such as near-spherical grains and large, plat grains, appear in all the graphs. As the basic XRD analysis, the near-spherical grains may be identified as Al 2 O 3 and the large, plat grains may be considered as Ti. Reports demonstrate that intermetallic compounds, such as, AlTi 3 , AlNb 2 and Al 0.23 Nb 0.07 Ti 0.7 , are formed at the interfaces between two or three metals, which makes them difficult to find in the fracture surface photographs.
It can be observed clearly from Figs. 3(a) and 3(b) that many pores are formed when using metal Nb as an additives. As Figs. 3(c)3(e) show, however, the pores in the composites decrease gradually with increases in the Nb 2 O 5 content. And when adding Nb 2 O 5 , the combination of alumina and titanium becomes better balanced with well-developed grains. This performance shows that the addition of Nb 2 O 5 makes the composites easier to sinter.
When the amount of Nb 2 O 5 increased to 15 vol.%, a large number of small white particles appeared on the surfaces of the Ti grains. EDS analysis was conducted to clarify these phase composition of the small white particles. The analysis results (shown in Fig. 4 ) revealed that the phase was composed mainly of TiO with a weight percentage of 64.9/21.8 and a corresponding mole ratio of 1.35/1.36. This mole ratio is in close accordance with the TiO phase, which is also in agreement with the arising of the TiO phase in the XRD results. Figure 5 shows the dependence of Nb addition on the relative density of Ti/Al 2 O 3 composites with pressureless sintering at 1500°C. It can be seen from the figure that the relative density of Ti/Al 2 O 3 composites is only 82% without Nb addition. When metal Nb is added, the relative Journal of the Ceramic Society of Japan 127 [6] 421-427 2019 JCS-Japan density of Ti/Al 2 O 3 composites increases at first and then decreases slightly. On the other hand, the relative density increases sharply with the addition of Nb 2 O 5 varying from 1 to 10 vol.%, and then the growth curve tends to become gentle when the Nb 2 O 5 content increases to above 10 vol.%. When the Nb 2 O 5 content is 15 vol.%, the relative density of Ti/Al 2 O 3 composite rises to 90.11%, which is nearly 10% higher than that without additives. These variations in relative density are in good agreement with microstructure results shown in Fig. 3 . From the microstructure and relative density results, we can conclude that the addition of Nb 2 O 5 significantly increases the densities of the composites compared with the addition of metallic Nb. The flexural strengths of samples with different volume percentages of Nb and Nb 2 O 5 addition are illustrated in Fig. 7 . As described in Fig. 7 , the variation trend of bending strength with increases in metal Nb is similar to that of density. When adding Nb 2 O 5 , however, the strength of Ti/Al 2 O 3 composites is found to increase at first and then to decrease, which is different from the variation tendency of density. The maximum value for bending strength is detected as 115.78 MPa when the Nb 2 O 5 content is 5 vol.%. A detailed explanation of the strength variations will be illustrated later in Section 4.
Disdussion
Mechanism of phase formation
As the XRD results illustrate, using both Nb 2 O 5 and metallic Nb as additives causes the same result of Nb incorporation into the lattice of Ti. Reports have revealed that the diffusion ability of Al is the best among elemental Ti, O, Nb and Al. At a certain temperature and pressure, the Al in Al 2 O 3 diffuses into the grains of Ti and Nb 2 O 5 .
Thus, the reaction equations for the sintering process could be preliminarily expressed as in formulae (2)(4), and the relative thermodynamic parameters are obtained from the literature, 22) as shown in the Table 1 .
It can be determined from the above equations that a redox reaction is apt to occur first between the diffused Al and metal oxide as shown in formula (2) . Metallic Nb is formed by the reduction of Nb 2 O 5 , and consequently, incorporated into the lattice of Ti.
Elemental distributions of Ti/Al 2 O 3 composite with 10 vol.% Nb 2 O 5 detected by EPMA are displayed in Fig. 8 . We can observe from the distribution of Al, Ti and O elements, that there are some regions, marked with black boxes in the graphs, that are lacking in O elements and rich in Ti. These regions may as appear to comprise Ti grains. Al elements are not only present in Al 2 O 3 grains, however, but also in these regions. The phenomenon therefore provides strong evidence of Al diffusion. It is clear from the Nb distribution, moreover that most of the Nb is in the Ti region, which supports the assumption that Nb is incorporated into the lattice of Ti.
After Nb is generated, Al and Nb can be reacted to form AlNb intermetallic compounds. Although the thermodynamic data for AlNb intermetallic compounds are not clear, there are many reports in the literatured 23) , 24) 
Strengthening mechanism of mechanical properties
As is well known, porosity has significant effects on the mechanical properties of ceramic composites. 25) The relationship between flexural strength and porosity can be expressed according to the following formula (5):
where · and · 0 are the relative laboratory strength and theoretical strength, p is the porosity of the composite, and b is the coefficient. It is suggested that the strength of Ti/Al 2 O 3 composites decreases exponentially with increase in porosity. Due to the existence of pores, this is liable to cause stressful concentrations under external stress, which is an important factor in reducing the load area. As seen in Fig. 5 , the relative density of Ti/Al 2 O 3 composites increases at first and then decreases with increases in Nb. On the other hand, the relative density increases with the addition of Nb 2 O 5 in the range from 1 to 15 vol.%. The variations in strength are not however fully consistent with the change in density. There may be some other mechanisms involved.
Highlighted SEM micrographs of fracture surfaces of Ti/Al 2 O 3 composites with 1 vol.% Nb 2 O 5 and 10 vol.% Nb 2 O 5 are shown in Fig. 9 . The fracture surface of a composites with 1 vol.% Nb 2 O 5 shows a predominant cleavage stream pattern with a small quantity of dimples in the core. The stream pattern and dimples suggest ductile fracture of Ti. When Nb 2 O 5 addition is 10 vol.%, the fracture surface can be seen as a layered fracture, which suggests brittle fracture of Ti. The highlighted SEM micrographs illustrate that, with increases in Nb 2 O 5 , the fracture mechanism of Ti is transformed from a ductile fracture to a brittle fracture.
Based on the phase transformation, with increase in Nb addition (whether metal Nb or Nb 2 O 5 ), the Nb content incorporated into the lattice of Ti and the content of AlNb intermetallic compounds both increases. Thus, the fracture mechanism must change. Ti/Al 2 O 3 composite with 5 vol.% Nb 2 O 5 possesses relatively good relative density and relatively less intermetallic compounds, which gives it the highest flexural strength.
Conclusions
In this paper, Ti/Al 2 O 3 composites with different Nb and Nb 2 O 5 contents were fabricated by pressureless sintering at 1500°C, and the microstructures and mechanical properties of the composites were studied. Our conclusions can be summarized as follows:
( (4) There are two main strengthening mechanisms of mechanical properties. With increase in Nb addition, composites become more compacted, which improves their flexural strength. The Nb content incorporated into the lattice of Ti and the content of AlNb intermetallic compounds increases, on the other hand, which allows brittle fracture of Ti to occur easily, and finally degrades the flexural strength. The best performance is achieved by adding 5 vol.% Nb 2 O 5 , with a relative density, micro-hardness and flexural strength of 89.3%, 5.6 GPa and 115.78 MPa, respectively.
